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SUMMARY 
The purpose o f t h i s s tudy i s t o d e s i g n and c o n s t r u c t a system to 
measure and demonstra te t h e t r a c k i n g c a p a b i l i t i e s of a human o p e r a t o r . 
This system can be used f o r ( 1 ) r e s e a r c h i n the area o f t r a c k i n g and 
( 2 ) d e m o n s t r a t i o n s i n c l a s s e s d i s c u s s i n g performance o f the human 
o p e r a t o r . The t r a c k i n g s i t u a t i o n would i n v o l v e an o p e r a t o r who manip­
u l a t e s e i t h e r an i s o m e t r i c or d i s p l a c e m e n t type j o y s t i c k hand c o n t r o l l e r . 
The o p e r a t o r ' s t a s k i s t o match h i s c o n t r o l l e d output r e s p o n s e , a s i g n a l 
on an o s c i l l o s c o p e d i s p l a y , wi th another s i m i l a r s i g n a l which i s c o n ­
t r o l l e d by an independent s o u r c e . An a l t e r n a t i v e t o t h i s t a s k i s t o 
have a s i n g l e dot on the d i s p l a y which i n d i c a t e s t h e matching e r r o r 
between the two s i g n a l s , but w i t h o u t d i s p l a y i n g the s i g n a l s t h e m s e l v e s . 
The h e a r t o f the d e s i g n i n v o l v e s the u s e o f an ana log computer which 
g e n e r a t e s input s i g n a l s , s i m u l a t e s a sys tem to be c o n t r o l l e d , and a l s o 
p r o v i d e s s t a t i s t i c a l i n f o r m a t i o n on the accuracy and p r e c i s i o n o f the 
o p e r a t o r ' s t r a c k i n g per formance . 
The t h e s i s p r o v i d e s a f u n c t i o n a l d e s c r i p t i o n o f the sys tem and 
i t s components . I t a l s o p r o v i d e s d e t a i l e d i n s t r u c t i o n s c o n c e r n i n g the 
o p e r a t i o n and use o f the s y s t e m . This t h e s i s , a l o n g w i t h the manu­
f a c t u r e r ' s i n s t r u c t i o n s f o r the ana log computer , p r o v i d e s u f f i c i e n t 
i n f o r m a t i o n f o r a l m o s t anyone t o s e t up and use the t r a c k i n g sys t em. 
CHAPTER I 
STATEMENT OF THE OBJECTIVE 
This thesis presents the design of a man-machine system which 
enables the demonstration as well as the experimental study of selected 
aspects of human tracking behavior. The design involves the integration 
of several electronic and electro-mechanical components with a Donner 
3400 analog computer. The resulting system and its capabilities are 
described in detail, and instructions for utilizing the system in its 
various capabilities are presented. The purpose of the combined effort 
is to produce a tracking system with documentation on its operation 
and use. 
Because of the increasing interest of the faculty in the School 
of Industrial and Systems Engineering and in the School of Psychology, 
Georgia Institute of Technology, in the area of human factors engineering, 
and, more specificially, in the area of tracking, it was decided to con­
struct this system. The use of the system would be for (1) demonstrating 
tracking in classrooms and (2) conducting research in the area of tracking 
The basic tracking situation which this system simulates is illus­
trated in Figure 1. The input is a criterion or target which the man-
machine tracking system is to acquire and maintain with some specified 
degree of accuracy. Information concerning the state of the machine is 
being fed back to the operator via the display in one of two ways, as 
indicated in Figure 1. Thus, information on the target being sought and 
2 
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a. Compensatory D i s p l a y Track ing C o n t r o l . 
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b . P u r s u i t D i s p l a y Tracking C o n t r o l . 
F i g u r e 1. C l o s e d Loop Manual C o n t r o l Tracking Systems . 
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and the p r e s e n t s t a t e o f the machine i s be ing p r e s e n t e d t o the human 
1 
o p e r a t o r m the sy s t em. 
The requ irements used f o r d e s i g n i n g and b u i l d i n g the t r a c k i n g 
sys tem d e v e l o p e d f o r t h i s t h e s i s a r e as f o l l o w s : 
1 . The sys tem s h a l l s i m u l a t e the t r a c k i n g sys tem i l l u s t r a t e d 
in F i g u r e s l a . and l b . and in e i t h e r one or two d i m e n s i o n s . 
2 . The d e s i r e d s t a t e o f the c o n t r o l l e d machine , d i s p l a y e d as 
a t a r g e t , s h a l l be a g e n e r a t e d input s i g n a l f u n c t i o n . This input 
f u n c t i o n s h a l l be i n t h e form o f a dc v o l t a g e which i s c o m p a t i b l e w i t h 
the a n a l o g computer and w i t h the d i s p l a y u s e d . The f u n c t i o n g e n e r a t o r 
s h a l l be c a p a b l e o f g e n e r a t i n g a t l e a s t the f o l l o w i n g types o f f u n c t i o n s : 
( 1 ) s t e p , ( 2 ) ramp, ( 3 ) e x p o n e n t i a l , and ( 4 ) s i n e . (See F igure 2 . ) 
3 . The d i s p l a y s h a l l be such t h a t i t may f u n c t i o n i n two modes: 
F i r s t , ( see F igure l a . ) the d i s p l a y s h a l l p r e s e n t ana log i n f o r m a t i o n 
about e i t h e r one or two d imens ions o f the s t a t e o f a machine r e l a t i v e 
to i t s d e s i r e d s t a t e . This i n f o r m a t i o n , i n o t h e r w o r d s , i n d i c a t e s the 
d i f f e r e n c e between d e s i r e d s t a t e and c u r r e n t s t a t e o f t h e machine be ing 
c o n t r o l l e d . Second, ( see F igure l b . ) the d i s p l a y s h a l l a l s o be c a p a b l e 
of p r e s e n t i n g ana log i n f o r m a t i o n about e i t h e r one or two d imens ions of 
both the s t a t e of a machine and i t s d e s i r e d s t a t e . The d i s p l a y of t h e 
d e s i r e d s t a t e i n t h i s l a t t e r c a s e , c a l l e d the t a r g e t , s h a l l be e a s i l y 
d i s t i n g u i s h e d from the d i s p l a y of the s t a t e b e i n g c o n t r o l l e d , c a l l e d 
the c u r s o r . 
1. McCormick ( 2 ) , DeGreene ( 1 ) , and Morgan ( 3 ) d i s c u s s more f u l l y the 
n a t u r e o f the t r a c k i n g s i t u a t i o n . 
a. Step Funct ion b . Ramp Funct ion 
Figure 2. Funct ions Which May be Used as Inputs f o r 
the Target in the Tracking System. 
5 
4. The controller shall be a two dimensional joystick type hand 
controller compatible with the Donner Model 3400 analog computer. 
5. The machine in the tracking system is to be a simulation of 
an input-output relationship of a dynamic system. The input, a voltage 
from the controller, and the output, also a voltage, shall have at least 
the following type relationships: position-position, position-velocity, 
position -acceleration, and so forth, for control of higher order 
derivatives; and relationships with more than one of the derivatives 
2 
of the machine output state being controlled, such as position-
(position and velocity). 
6. The measurement of the performance of the operator in this 
tracking system shall be a function of the error, e(t), between the 
target and the cursor. The types of performance measurement shall be 
(1) average error, (2) mean value of the error, (3) mean square error, 
and (4) time on target. 
2. This kind of control is called "aided control." 
6 
CHAPTER II 
DESCRIPTION OF THE SYSTEM 
The nature of the tracking system designed for this thesis will 
be discussed in this chapter. The block diagrams in Figures 3a. and 3b. 
illustrate the pieces of equipment and their relationships. While the 
block diagrams in Figures la. and lb. show the functions represented in 
general tracking situation, Figures 3a. and 3b. show the specific 
hardware configuration used to simulate that process. 
The hardware in the system may be classified into three groups: 
first is the display group consisting of the oscilloscope and electronic 
switches, second is the controller group consisting of the controller 
and the power supplies, and third is the analog computer group con­
sisting of the two analog computers. 
D i s p l a y 
The display provides the information about the desired and 
current state of the machine in the tracking system. The two basic 
kinds of displays are pursuit and compensatory. Pursuit displays 
show both the input target and the state of the machine being controlled. 
The operator's task in this case is to match the signals being shown. 
On the other hand, compensatory displays only have one signal. This 
signal is the amount of error between the input signal and machine 
state signal. In this situation the operator's task is to keep the 
signal as close to zero as possible. No information is provided in 
E r r o r , e ( t ) 
Power 
S u p p l i e s 
Hand Analog 
Display- Man C o n t r o l Computers in 
P l o t t e r 
a . Compensatory D i s p l a y Track ing System. 
Power 
S u p p l i e s 
— H 
p s c i l l o s c o p e 
D i s p l a y Man I Hand C o n t r o l 








P l o t t e r 
b . P u r s u i t D i s p l a y Track ing System. 
F igure 3. Equipment C o n f i g u r a t i o n f o r Tracking System. 

9 
compensatory d i s p l a y t r a c k i n g as t o the a c t u a l s t a t e o f the macine 
be ing observed and c o n t r o l l e d . Only the d i f f e r e n c e between d e s i r e d 
and a c t u a l performance i s shown. 
There a r e many ways o f d i s p l a y i n g i n f o r m a t i o n t o a human o p e r a t o r 
i n a t r a c k i n g system ( 1 ) ( 2 ) ( 3 ) . V i s u a l d i s p l a y s may c o n s i s t of d i a l s , 
p o i n t e r s , l i g h t s , ca thode ray t u b e s , p i c t u r e s , g r a p h s , s i g n s , and w r i t t e n 
m e s s a g e s . However, f o r t h i s sys tem a cathode ray tube o s c i l l o s c o p e i s 
used as the d i s p l a y . 
The o s c i l l o s c o p e used has a s i n g l e beam, w i t h o u t any i n t e r n a l 
c a p a b i l i t y of d i s p l a y i n g more than one s i g n a l on the s c r e e n . However, 
i n p u r s u i t d i s p l a y t r a c k i n g the d i s p l a y must have the c a p a b i l i t y o f 
showing two s i g n a l s , w i th e x t e r n a l c o n t r o l over t h e s e s i g n a l s i n both 
the h o r i z o n t a l (x ) a x i s and the v e r t i c a l ( y ) a x i s . Thus , i t i s 
n e c e s s a r y t o d e s i g n the equipment to a l t e r the o s c i l l o s c o p e so t h a t 
two s i g n a l s cou ld be i n d e p e n d e n t l y d i s p l a y e d . In a d d i t i o n , i t was 
found n e c e s s a r y to a l t e r one o f the d i s p l a y e d s i g n a l s , the t a r g e t , 
such t h a t i t cou ld be d i s t i n g u i s h e d from the c u r s o r . 
The d e s i r e d r e s u l t s were ach ieved by ( 1 ) t i m e - s h a r e m u l t i p l e x i n g 
the o s c i l l o s c o p e beam i n both the x and y axes f o r the e f f e c t o f hav ing 
two independent beams, and ( 2 ) super impos ing a s m a l l s i g n a l on one o f 
t h e s e beams t o make i t d i s t i n g u i s h a b l e from t h e o t h e r . The d e v i c e s 
used to m u l t i p l e x the beam were two H e a t h k i t E l e c t r o n i c Swi tches 
c o n n e c t e d , f o r s y n c h r o n i z a t i o n , such t h a t one u n i t was a m a s t e r and 
the o t h e r a s l a v e . There i s s t i l l o n l y one beam on the o s c i l l o s c o p e 
but t h i s beam i s be ing used by two input s o u r c e s . For 1 / 5 0 0 of a 
second one input source c o n t r o l s the x and y c o o r d i n a t e s of the beam. 
LO 
For t h e nex t 1 / 5 0 0 o f a second the o ther input source c o n t r o l s t h e s e 
c o o r d i n a t e s . Then c o n t r o l i s swi tched back t o t h e f i r s t input source 
and so on . W h i l e t h e r e i s s t i l l o n l y one beam, i t appears as i f t h e r e 
a r e two beams because the s w i t c h i n g r a t e i s so f a s t . 
The r e a s o n f o r hav ing two m u l t i p l e x o r s i s t o share the x c o o r d i n a t e 
input t o t h e o s c i l l o s c o p e w i t h one m u l t i p l e x o r and t o share the y c o o r d i ­
n a t e input t o the o s c i l l o s c o p e w i t h t h e o t h e r . The important t h i n g i n 
t h i s p r o c e s s i s t h a t the input x^ and the input y^ c o n t r o l the x and 
y c o o r d i n a t e s dur ing p r e c i s e l y the same t ime i n t e r v a l s . Wi thout t h i s 
s y n c h r o n i z i n g , the beam would d i s p l a y x^ w i t h y^ and ^ w l t n a s w e l l 
as x^ w i t h y^ and w i t h . F igure 4a. shows the o s c i l l o s c o p e output 
d i s p l a y w i t h proper s y n c h r o n i z a t i o n . F i g u r e 4b. shows the r e s u l t of 
not s y n c h r o n i z i n g the s w i t c h i n g . 
In o r d e r t o d i s t i n g u i s h the c u r s o r from the t a r g e t , a 60 c y c l e 
s i g n a l of v a r i a b l e ampl i tude was superimposed on the x a x i s component 
of the t a r g e t s i g n a l , a n d a s i m i l a r s i g n a l about 9 0 ° out o f phase was 
s u p e r i m p o s e d o n t h e y a x i s c o m p o n e n t o f t h e t a r g e t s i g n a l . T h i s c a u s e s 
the t a r g e t s i g n a l t o be d i s p l a y e d as a s m a l l c i r c l e of v a r i a b l e d i a m e t e r . 
A c t u a l l y , the t a r g e t i s more l i k e an e l l i p s e , however the e f f e c t i s s t i l l 
the same. 
The e l e c t r o n i c s w i t c h e s a r e not needed when a compensatory d i s p l a y 
i s wanted . Compensatory t r a c k i n g , i t i s r e c a l l e d , o n l y r e q u i r e s a 
s i n g l e d i s p l a y e d s i g n a l , e ( t ) , and the s i g n a l s are fed d i r e c t l y from 
t h e ana log computer t o the o s c i l l o s c o p e d i s p l a y . 
1 
Cursor S i g n a l 
T a r g e t S i g n a l 
y-
-it 1 / 5 0 0 2 / 5 0 0 3 / 5 0 0 4 / 5 0 0 
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a. Sychron ized Time Sharing 
o f O s c i l l o s c o p e Beam. 
x - a x i s 
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b . Unsynchronized Time Sharing 
of Oscilloscope Beam. 
F igure 4 . Time Share M u l t i p l e x i n g o f a S i n g l e Beam 
O s c i l l o s c o p e f o r P u r s u i t D i s p l a y T r a c k i n g . 
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C o n t r o l l e r s 
The two c o n t r o l l e r s used i n t h i s sys tem a r e a d i s p l a c e m e n t and an 
i s o m e t r i c c o n t r o l l e r . The d i s p l a c e m e n t c o n t r o l l e r c o n s i s t s o f two 
p o t e n t i o m e t e r s i n a g imbled e n c l o s u r e such t h a t movements in two 
d imens ions may be made. One p o t e n t i o m e t e r r e g i s t e r s movements l e f t 
and r i g h t w h i l e the o t h e r r e g i s t e r s movements forward and backward. 
The j o y s t i c k moves e a s i l y and wi th no s p r i n g or damping f o r c e s . The 
human o p e r a t o r input t o the c o n t r o l l e r i s a movement o f the j o y s t i c k 
about a f i x e d p o i n t . From a n e u t r a l ( v e r t i c a l ) p o s i t i o n t h i s j o y s t i c k 
may be r o t a t e d a maximum of 6 0 ° forward or 6 0 ° backward and 6 0 ° l e f t 
or 6 0 ° r i g h t . The forward-backward movement i s an input r e p r e s e n t e d 
by an a n g u l a r d i s p l a c e m e n t 9 w i t h the c o r r e s p o n d i n g output be ing a 
v o l t a g e C^ . The l e f t - r i g h t movement i s an angular d i s p l a c e m e n t 9^ wi th 
C^ b e i n g the output v o l t a g e . In F igure 5 a . the c o n t r o l l e r i s r e p r e s e n t e d 
i n b l o c k diagram form. The power input o f 105 v o l t s i s r e p r e s e n t e d by 
the arrow i n t o the top o f t h e b o x . This v o l t a g e input i s the p a s s i v e 
input a c t e d upon by t h e angular d i s p l a c e m e n t movements o f the j o y s t i c k . 
The output v o l t a g e s , C ^ ( t ) a n d C y ( t ) > a r e i r i a p o s i t i v e range (about 
1 2 - 2 2 v o l t s ) . This f a c t n e c e s s i t a t e s the use o f a b i a s v o l t a g e such 
t h a t the range i s made to be symmetric about z e r o (about - 5 t o 5 v o l t s ) . 
In t h i s way the o p e r a t o r has the a b i l i t y to ( 1 ) p r o v i d e a p o s i t i v e input 
t o t h e c o n t r o l l e d machine , ( 2 ) no input c o n t r o l , or ( 3 ) a n e g a t i v e input 
c o n t r o l . By b e i n g symmetric about z e r o , t h e maximum amount o f p o s i t i v e 
c o n t r o l i s the same as the maximum amount o f n e g a t i v e c o n t r o l . Of c o u r s e , 
t h i s b i a s i n g procedure may be changed t o f i t the type o f c o n t r o l i t i s 
wished t o s i m u l a t e . For i n s t a n c e , i t may be the c a s e where the maximum 
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e x ( t ) 
1 
1 
V o l t a g e 
C x ( t ) + 4 C x ( t ) 
e ( t ) 
V w 
C y ( t ) i-nc-(t) 
* - 9 
Bias 
V o l t a g e 
a. Disp lacement C o n t r o l l e r and B ias C i r c u i t 
F x ( t ) 
15 v . - 1 5 1 J v. 
c x ( t ) 
C y ( t > 
b . I s o m e t r i c C o n t r o l l e r 
F i g u r e 5 . B lock Diagram of J o y s t i c k C o n t r o l l e r I n p u t s and O u t p u t s . 
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positive control is desired to be greater than the maximum negative 
control. 
The isometric controller operates on an entirely different 
principle. The difference lies with the F and F inputs, shown in 
x y 
Figure 5b., which are forces in the x and y directions, respectively. 
The output, however, is a dc voltage just as with the displacement 
controller. The passive inputs are voltages of +15 volts and -15 volts 
supplied by two power amplifiers. 
The isometric controller has an internal circuit which performs 
the function of making the output symmetric about zero. Thus, there is 
no need for using a bias as with the displacement controller. However, 
this also means that the isometric controller cannot be adjusted to 
give more control to the positive side on a particular axis and still 
have a neutral (zero) output when no force input is being applied. 
Analog Computer 
3 
The analog computer is at the heart of the tracking system. 
Unlike the other pieces of equipment it performs multiple functions. 
As can be seen in Figure 3, these functions are: (1) generating the 
target input function used for the display as well as for arriving at 
the error function, e(t), (2) simulating an input-output characteristic 
of a machine, and (3) calculating the performance statistic to be fed 
to the X-Y recorder. 
3. References (4), (5), and (6) contain more detailed explanations 
of the general nature of the analog computer. 
Input Funct ion G e n e r a t i o n 
The input f u n c t i o n t o the t r a c k i n g sys tem i s a s i m u l a t i o n o f the 
t a r g e t p a t h . This input may take the form o f some complex f u n c t i o n or 
one o f a few s i m p l e t e s t f u n c t i o n s . F igure 2 i l l u s t r a t e d the b a s i c 
input f u n c t i o n s which are t y p i c a l l y used i n the a n a l y s i s o f f eedback 
c o n t r o l s y s t e m s . 
The input f u n c t i o n i s one o f the most important v a r i a b l e s i n the 
s y s t e m . For i n s t a n c e , v a r y i n g the f requency o f a s i n e wave input would 
y i e l d i n f o r m a t i o n on how an o p e r a t o r responds a t d i f f e r e n t f r e q u e n c i e s . 
C l e a r l y , i t i s more d i f f i c u l t t o r e a c t t o v e r y h igh f r e q u e n c i e s than i t 
i s t o low f r e q u e n c i e s (3). A l s o , the ampl i tude i s an important f a c t o r . 
I f d i s p l a y e d ampl i tudes a r e v e r y low, t h e o p e r a t o r i s not l i k e l y t o 
r e a c t as q u i c k l y or as a c c u r a t e l y than i f the d i s p l a y e d ampl i tudes 
were l a r g e and e a s i l y d e t e c t e d (3). 
Four ways input f u n c t i o n s can be genera ted a r e as f o l l o w s : 
(1) u s i n g the a n a l o g computer , ( 2 ) manual ly m a n i p u l a t i n g a j o y s t i c k 
and u s i n g the output as an i n p u t , (3) g e n e r a t i n g a s i g n a l on an e l e c ­
t r i c a l s i g n a l g e n e r a t o r , or (4) r e c o r d i n g a f u n c t i o n g e n e r a t e d by any 
o f t h e p r e c e d i n g t h r e e means on an FM tape r e c o r d e r and p l a y i n g i t b a c k . 
Only t h e f i r s t two methods are p r e s e n t l y a v a i l a b l e i n t h e d e s i g n e d 
t r a c k i n g sys tem; however , the l a t t e r two methods w i l l be d i s c u s s e d 
i n the l a s t chapter o f t h i s t h e s i s . 
Programming C o n t r o l Order o f S imulated Machine 
This f u n c t i o n o f the a n a l o g computer i s i n v o l v e d w i t h the 
s i m u l a t i o n o f t h e p a r t i c u l a r machine i n p u t - o u t p u t r e l a t i o n s h i p 
J 6 
d e s i r e d i n t h e c o n t r o l s y s t e m . 
The most b a s i c types of machine i n p u t - o u t p u t r e l a t i o n s h i p s are 
t h o s e i n which the input i s an nth o r d e r d e r i v a t i v e of the o u t p u t . 
C o n t r o l of such a machine i s c a l l e d d e r i v a t i v e c o n t r o l . For example , 
a sys tem employing second order d e r i v a t i v e ( a c c e l e r a t i o n ) c o n t r o l has 
a machine whose output i s a double i n t e g r a t i o n o f i t s i n p u t . On the 
o s c i l l o s c o p e d i s p l a y , t h i s machine output i s r e p r e s e n t e d by a s i g n a l , 
and changes i n p o s i t i o n o f t h i s s i g n a l are made by c a u s i n g changes in 
i t s a c c e l e r a t i o n . Thus , the p o s i t i o n i s not c o n t r o l l e d d i r e c t l y . 
R a t h e r , i t i s through c o n t r o l l i n g the a c c e l e r a t i o n t h a t changes in 
p o s i t i o n may be made. Of c o u r s e , i t i s p o s s i b l e t o have t h e s i m p l i f i e d 
s i t u a t i o n i n which p o s i t i o n may i n f a c t be d i r e c t l y c o n t r o l l e d . Such 
c o n t r o l i s c a l l e d z e r o order d e r i v a t i v e c o n t r o l . 
A s l i g h t l y more s o p h i s t i c a t e d v e r s i o n of d e r i v a t i v e c o n t r o l 
i n v o l v e s the c o n t r o l o f more than one d e r i v a t i v e o u t p u t . That i s , 
the o p e r a t o r i n a c o n t r o l sys tem may s i m u l t a n e o u s l y , and w i t h o n l y 
one c o n t r o l l e r , i n f l u e n c e both the v e l o c i t y and a c c e l e r a t i o n of a 
machine o u t p u t . This type of c o n t r o l i s r e f e r r e d t o as a ided d e r i v a t i v e 
c o n t r o l . 
Performance Measurement 
The f i n a l f u n c t i o n which the a n a l o g computer i s c a l l e d on t o 
perform i s t h a t o f a n a l y z i n g the p r e c i s i o n and a c c u r a c y w i t h which the 
o p e r a t o r performs the t r a c k i n g t a s k s . 
4. See r e f e r e n c e s ( 1 ) , (2), and (3) f o r a d i s c u s s i o n on machine c o n t r o l . 
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The f i r s t s t e p i n performance measurement i s o b t a i n i n g t h e 
e r r o r f u n c t i o n , e ( t ) . This f u n c t i o n i s the d i f f e r e n c e between t h e 
v a l u e of the t a r g e t s i g n a l and the v a l u e o f t h e c u r s o r s i g n a l . I t 
i s o b t a i n e d by changing the s i g n o f the t a r g e t v o l t a g e and adding i t 
t o the c u r s o r v o l t a g e . The r e s u l t a n t i s then m a n i p u l a t e d , depending 
on the t y p e e r r o r performance s t a t i s t i c s d e s i r e d , and p l o t t e d . I t 
i s important t o note tha t i n two d i m e n s i o n a l t r a c k i n g two e r r o r 
f u n c t i o n s are u s e d , e ( t ) and e ( t ) . 
x y 
The measurement o f performance i n the t r a c k i n g sys tem i s one o f 
four i n t e g r a l s o f the e r r o r between the c u r s o r and the t a r g e t . The 
c r i t e r i a a r e d i v i d e d i n t o t h r e e c a t a g o r i e s : (1) mean of the e r r o r , 
( 2 ) v a r i a n c e or s tandard d e v i a t i o n of the e r r o r , and ( 3 ) c o n t r o l 
l i m i t t o l e r a n c e of the e r r o r . 
The f i r s t type c r i t e r i o n i s the average e r r o r and i s an i n d i c a t i o n 
of a tendency of the o p e r a t o r t o c o n s i s t e n t l y f o l l o w or l e a d the c u r s o r 
i n some way. The e q u a t i o n of t h i s i s 
The second c l a s s of c r i t e r i a i n c l u d e the mean v a l u e of the e r r o r 
(not the same as the a b o v e ) and the mean square e r r o r . The e q u a t i o n f o r 
the mean v a l u e of the e r r o r i s 
i 
where T i s the t ime i n t e r v a l t , - t Q . 
dt . 
] 8 
The e q u a t i o n f o r the mean square e r r o r i s 
h 
e =i j"e2(t)dt. 
The t h i r d c l a s s o f c r i t e r i a i s c a l l e d t ime on t a r g e t . This 
e r r o r g i v e s an i n d i c a t i o n o f the p e r c e n t a g e o f t ime the o p e r a t o r can 
keep the e r r o r down t o some a r b i t r a r y v a l u e . The e q u a t i o n f o r the 
t ime on t a r g e t i s 
a ( t ) = 1 f o r e ( t ) $ c 
a ( t ) = 0 f o r e ( t ) > c 
where the c o n s t a n t c i s the c o n t r o l l i m i t v a l u e . 
System Var iab] es 
In the s e t up o f a d e m o n s t r a t i o n or exper iment s e v e r a l d e c i s i o n s 
must be made. Each d e c i s i o n c o n s t i t u t e s the s e t t i n g f o r one o f the 
independent v a r i a b l e s i n the hardware c o n f i g u r a t i o n . Some o f t h e s e 
v a r i a b l e s have a l i m i t e d number o f p o s s i b l e s e t t i n g s , w h i l e o t h e r s 
have an u n l i m i t e d number o f p o s s i b l e s e t t i n g s . These seven independent 
v a r i a b l e s a r e b r i e f l y : 
1. One d i m e n s i o n a l t r a c k i n g or two d i m e n s i o n a l t r a c k i n g . 
2. D i sp lacement j o y s t i c k c o n t r o l or i s o m e t r i c j o y s t i c k 
c o n t r o l . 5 5. I f the d i s p l a c e m e n t c o n t r o l l e r i s s e l e c t e d , the v o l t a g e supp ly on t h e a n a l o g computer problem board i s used i n s t e a d o f t h e e x t e r n a l 
power s u p p l y shown i n F igure 6 . 
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3. Control order and associated amplifying constants. 
6. In the case of compensatory display, the electronic switch may be 
eliminated from the system. In this case the signal (s) from the 
analog computer connect directly with the scope. 
4. Aided or non-aided tracking. 
5. Choice of one of the four performance criteria. 
6. Choice of input function. 
7 . Choice of pursuit display or compensatory display. 
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CHAPTER III 
SET UP OF EQUIPMENT 
The purpose of this chapter is to provide sufficient instructions 
for the use of the tracking system designed for this thesis. It is 
assumed that this will permit the use of the system with no additional 
information other than a working familiarity with the Donner 3400 
analog computer involved. 
All three functions of the analog computer are arrived at from the 
same building blocks. Figures 6 through 10 show these building blocks 
and how they are set up on the computer problem board. Beneath each set 
up is found the symbol of the basic function illustrated. These symbols 
are used in Chapter III in schematic diagrams to help explain the analog 
computer set ups discussed there. 
The problem board of the analog computer itself consists of ten 
operational amplifiers, five of which may be used as integrators and all 
ten of which may be used for the other basic functions. A photograph of 
the problem board and control panel of the Donner 3400 Analog Computer 
is in Figures 26 and 27. The resistors, capacitors, and a typical 
wiring set up can be observed in this picture and related to Figures 6 
through 10, as well as the other Figures which illustrate programming 
set ups. 
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6 o o 
o{>o 
o o to 
2 
6 0 6 0 0 
6 - ^ - 8 o 6 
Dl DZ 
O O b Q Q 
Q 0 0 
Constant Voltage, c 
- 1 0 5 < c < 0 
+ 105 
< 5 > 
- 105 






o o o o o o o o o o o o o o o 
I I I I I I I I I I I I i • I x u , N 
O 0 6 O i O 0 6 O - iO 6 6 O- iO O 6 C h O O O O i O o o 
00000000-0990-0900-099 o-|6 o o 
o 9 6 - | > o o o - ^ - o 9 0-O0 6 6H>-o 
O O O - O K ) 6 O - O KD O O - O lo O O - O O 06 Q Q Q Q 
6 * 4 8 0 6 
Df PZ 
O O k> Q Q QOQ 
6 6 6 6 6 6 
fo o 0 0 0 0 0 0 ® © © @ 
I n p u t , x ( t ) O u t p u t , - k x ( t ) 
A m p l i f i c a t i o n - £ = k 
i 
x ( t ) "k x ( t ) 
F i g u r e 7 . A m p l i f i c a t i o n a n d / o r Sign I n v e r s i o n Func t ion of the Analog 
Computer• 
2 : 
O O O O O O 
o o o O I O <p 9 6 - J O 
O Q C H > O 
O O O - O K ) 
oo o 
o o o o o o 
O I 6 O O 
O 4 6 q 6 
6 o o 
O 0 « 0 Q Q 
Q 0 Q 
6 6 6 
O O O 
I n p u t , x ( t ) Output , - J x(t) dt 
x ( t ) - J x ( t ) dt 
F i g u r e 8« I n t e g r a t i o n Func t ion of the Analog Computer. 
24 
O O O 
>6 6 O i o 
o o o 
O O- iO O O O- jO 
o oo i i o o 
o-$hO 6 o-B>o 
9 fi 
° ? ? 
0 < > i O p 6 o-|6 o o 
6 O O O O 
6-&»& o 6 
01 PZ 
O O k) Q Q 






[O o o o o o 
© © © 
I n p u t , x ^ ( t 
I n p u t , x^,(t 
Output , - [x- ( t ) + x 0 ( t ) ] 
v 1 Z 
x 1 ( t ) 1 
* 2 ( t > 1 
• L x ^ t ) + x 2 ( t ) ] 





OOO OiO o o o o o o 6 <M> o 
O O O—OK) 
o 6 
000 ooo 
1 i i I • I w U *™ 
i 0 o O-iO 0 Q O-iO O O <J> o-6 o 6 6-*8 o 6 O-O lo Q Q OOO 
o_o o_o o_o o o1 
® J 
O u t p u t , 
[ 2 x x ( t ) + , 5 x 2 ( t ) ] d t 
I n p u t , ^ 2 ^ t ^ 
2 x 1 ( t ) + . 5 x 2 ( t ) ] d t 
F i g u r e 1 0 . A m p l i f i c a t i o n , Summation, and I n t e g r a t i o n of Two S i g n a l s 




Compensatory display tracking, whether it be in one or two 
dimensions, is easier to set up than is pursuit display tracking. 
For this display the electronic switches are not used. The functions 
e(t) or e (t) and e (t) are obtained by subtracting the input function 
x y 
signal from the controlled output signal. The input function signal 
is inverted by feeding the signal through an operational amplifier 
having an amplification factor of one, and then added to the controlled 
output signal at a summer. This output is then fed directly into the 
oscilloscope. 
Pursuit 
When using pursuit display tracking the electronic switch (es) 
must be used. After the switches are turned on at the beginning of a 
session, an important first step is to plug a 100k resistor across the 
output terminals for about five minutes. This procedure is essential 
during the warm up of the equipment in allowing a capacitor to charge up. 
After the warm up period this resistor should be removed. 
One Dimensional Tracking. One electronic switch, the master 
switch of the two, is used to time share multiplex the beam of the 
oscilloscope and to make the target signal into an ellipsoid. The 
input function signal is connected to the "A" input of the switch, and 
the cursor signal is connected to the "B" input. The single output is 
then connected to the vertical input of the oscilloscope, and an 
appropriate scale on the scope is chosen. The horizontal sweep is 
placed on 60 cycles per second, and the sweep duration is adjusted 
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for the desired diameter of the target circle. The black knob on the 
upper left of the switch is then adjusted to the same diameter for the 
vertical direction. By combining these horizontal and vertical sweeps of 
the signal both at 60 cycles per second, a circle, or ellipse, is formed. 
Next the gains on the electronic switch are set to give the appropriate 
setting for the display. 
Two Dimensional Tracking. For two dimensional tracking, both 
switches are used, and it does not matter which switch is used for the 
vertical axis. The only difference here is that the oscilloscope 
horizontal axis control is placed in the "external" mode, and both 
horizontal and vertical input channels of the scope are used. 
Hand Controllers 
Displacement Controller 
The displacement controller is housed in a wooden box which was 
designed with two connector jacks on the right side. These jacks are 
the three conductor type, providing connection for (1) power supply 
input, (2) output, and (3) ground. The jacks are labeled as either 
the y-axis (front-back) or x-axis connector. The cords that connect 
with these jacks have clearly marked plugs. However, only one cord 
has a ground connection since the ground in the controller is common 
for both x and y axes and should be used for one dimensional tracking. 
The plugs marked "input" are connected to the 105 volt receptacle on 
the computer problem board. The plug marked "output" is inserted into 
an appropriate resistor in one of the operational amplifier circuits. 
Summed with this controller output is a bias voltage of opposite sign 
2S 
from t h a t of the c o n t r o l l e r v o l t a g e and hav ing a v a l u e such t h a t t h e 
output o f t h e o p e r a t i o n a l a m p l i f i e r i s z e r o when the j o y s t i c k i s i n a 
n e u t r a l p o s i t i o n . I f no a m p l i f i c a t i o n of v o l t a g e s i s u s e d , the range 
o f t h i s summer w i l l be about + 5 v o l t s . A g a i n , i f o n l y one d i m e n s i o n a l 
t r a c k i n g i s be ing employed , be sure t h a t the cord wi th the ground p lug 
i s used and t h a t t h i s p lug i s i n s e r t e d i n t o one o f t h e t en ground 
c o n n e c t i o n s on the problem b o a r d . F igure 11 i l l u s t r a t e s the c o n n e c t i o n s 
d e s c r i b e d . 
I s o m e t r i c C o n t r o l l e r 
The i s o m e t r i c c o n t r o l l e r has a somewhat d i f f e r e n t hookup. 
However, t h e output i s a l r e a d y s e t a t the proper range where z e r o f o r c e 
c o r r e s p o n d s t o z e r o v o l t s output and , h e n c e , the summer used f o r the 
d i s p l a c e m e n t c o n t r o l l e r output i s not needed . A l s o , the input d i f f e r s 
s l i g h t l y from t h a t o f t h e d i s p l a c e m e n t c o n t r o l l e r . Because the i s o ­
m e t r i c c o n t r o l l e r has a c u r r e n t d r a i n t o o h igh t o use the power supp ly 
v o l t a g e s on the a n a l o g computer , s e p a r a t e power s u p p l i e s are used which 
s u p p l y adequate c u r r e n t . The input v o l t a g e s a r e +15 v o l t s and -15 v o l t s . 
The j a c k s a s s o c i a t e d w i t h t h e power s u p p l y and p l u g s from the c o n t r o l l e r 
a r e c l e a r l y marked. Note t h a t the ground c o n n e c t i o n p l u g s i n t o both 
the power s u p p l y ground j a c k and an ana log computer problem board 
ground j a c k . 
Should the output from the c o n t r o l l e r not be z e r o t h e r e are two 
methods o f c o r r e c t i n g t h i s . (1) There are two s e t screws i n s i d e the 
c o n t r o l l e r which may be a d j u s t e d by removing the bot tom cover and 
i n s e r t i n g a long s c r e w d r i v e r through the two h o l e s a l l o w i n g a c c e s s 
through t h e c i r c u i t b o a r d s . ( 2 ) A b i a s v o l t a g e may be summed w i t h 
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the controller output as is done with the displacement controller. 
Four of the five connections must be made in one axis tracking, 
with only the undesired output plug remaining unconnected. Figure 12 
illustrates the connections described. 
Input Function Generation 
Ramp 
The ramp function is generated by applying a constant voltage to 
the input of an integrator having zero initial condition as set on 
computer control panel. Figure 13 illustrates the wiring and gives 
an analog computer programming diagram of the set up. 
Exponential 
This function is generated by using an integrator and one 
potentiometer, and having a forcing function of some constant voltage 
applied to the integrator which has zero initial condition. The output 
of the integrator is fed through a potentiometer and back to the input 
of the integrator. The set up is identical to the ramp generator except 
for the feedback loop. Figure 14 illustrates the wiring. 
Sine 
Two integrators, one inverter, and one potentiometer are required 
to generate a sine function. The frequency of the sine wave is adjusted 
by varying the amplification of the feedback loop through the inverter 
and potentiometer. The amplitude is adjusted by setting the initial 
condition of the first integrator to the desired maximum amplitude 
desired. The initial condition of the second integrator is zero. 
Figure 15 illustrates the set up. 
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F i g u r e 13 . Ramp Funct ion Generator Set Up. 
3  
F i g u r e 14. E x p o n e n t i a l Func t ion Generator Set Up. 
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Damped S ine 
By adding a f e e d b a c k l o o p from the output o f t h e f i r s t i n t e g r a t o r 
through a p o t e n t i o m e t e r and i n t o t h e input o f t h e f i r s t i n t e g r a t o r , a 
damped output i s a c h i e v e d . The degree o f damping depends on the 
a m p l i f i c a t i o n of the f eedback l o o p . Exper i ence through t r i a l and e r r o r 
i s t h e f a s t e s t way o f a c h i e v i n g the a p p r o p r i a t e damping. I f t h e a m p l i ­
f i c a t i o n i s g r e a t enough, the output s i g n a l may be n o n - o s c i l l a t o r y , 
y e i l d i n g e i t h e r c r i t i c a l damping or over damping. F i g u r e 16 shows 
the s e t u p . 
Complex 
By u s i n g any combinat ion o f t h e above f u n c t i o n g e n e r a t o r s in 
s e r i e s , complex waveforms may be produced . For i n s t a n c e , u s i n g a 
s i n e wave f u n c t i o n as the input t o another s i n e wave g e n e r a t o r ( t h i s 
input i s added w i t h t h e f e e d b a c k loop or l oops a t the input o f the 
f i r s t i n t e g r a t o r ) and v a r y i n g t h e f requency a n d / o r damping, v a r i o u s 
s i g n a l s may be produced . 
D e t e r m i n a t i o n o f C o n t r o l Order 
The c o n t r o l order i s e a s i l y programmed on the a n a l o g computer 
by u s i n g one or more i n t e g r a t o r s , w i t h the number of i n t e g r a t o r s used 
c o r r e s p o n d i n g t o the o r d e r of c o n t r o l . In o t h e r w o r d s , i f the c o n t r o l l e r 
s i g n a l i s connected i n s e r i e s w i th two i n t e g r a t o r s , second order 
( a c c e l e r a t i o n ) c o n t r o l w i l l be a c h i e v e d . The p o s i t i v e or n e g a t i v e 
a c c e l e r a t i o n i n t h e v o l t a g e v a l u e out of the second i n t e g r a t o r i s 
p r o p o r t i o n a l t o t h e d i s p l a c e m e n t or a p p l i e d f o r c e a p p l i e d to the 
d i s p l a c e m e n t or i s o m e t r i c c o n t r o l l e r , r e s p e c t i v e l y . The r a t e o f 
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3: 
change i n the v o l t a g e v a l u e a t the output o f the f i r s t i n t e g r a t o r i s , 
s i m i l a r l y , de termined by the amount o f d i s p l a c e m e n t or amount o f a p p l i e d 
f o r c e . M a t h e m a t i c a l l y , i f a c o n s t a n t a n g l e of d i s p l a c e m e n t were s e t or 
a c o n s t a n t f o r c e was a p p l i e d , depending on the c o n t r o l l e r b e i n g u s e d , 
a c o n s t a n t v o l t a g e , c , would be the c o n t r o l l e r o u t p u t . I f we l e t 
f ^ ( t ) be the c o n t r o l l e r o u t p u t , f^ ( t ) be the output o f the f i r s t 
i n t e g r a t o r , and f 9 ( t ) be the output o f the second i n t e g r a t o r , then 
In t h i s example the i n p u t , c , was a c o n s t a n t . However, t h e input may be 
t ime v a r y i n g as w e l l , or £Q(X) ~ c ( t ) . Th i s d i s c u s s i o n a p p l i e s e q u a l l y 
w e l l f o r two d i m e n s i o n a l t r a c k i n g where t h e r e a r e two c o n t r o l l e r ou tput s 
and two p a i r s o f i n t e g r a t o r s . 
F igure 17 i l l u s t r a t e s the problem board w i r i n g , or programming, 
f o r the c a s e of second order c o n t r o l . Remember t h a t the v o l t a g e s change 
s i g n when p a s s i n g through an i n t e g r a t o r . The c o n t r o l o r d e r may be 
s e l e c t e d or changed a t w i l l s imply by p i c k i n g o f f the v o l t a g e a t the 
f i r s t i n t e g r a t o r output f o r f i r s t order c o n t r o l or a t the output o f 
the c o n t r o l l e r f o r z e r o order c o n t r o l . A m p l i f i c a t i o n s o t h e r than 
one may e a s i l y be programmed by u s i n g the proper input r e s i s t o r s . 
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F i g u r e 1 7 . Second Order ( A c c e l e r a t i o n ) C o n t r o l Set Up. 
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A i d i n g 
A i d i n g i s a programming e x e r c i s e c o n s i s t i n g o f the use o f two 
more a m p l i f i e r s on the problem b o a r d . One a m p l i f i e r i s used to i n v e r t 
the v o l t a g e s i g n o f one v a r i a b l e , and the o t h e r i s used t o sum. In 
the c a s e o f f i r s t order c o n t r o l , e i t h e r the output o f the i n t e g r a t o r 
or the output o f the c o n t r o l (remember t h a t when the output of the 
c o n t r o l i s r e f e r e n c e d t h i s means the b i a s e d output when u s i n g the 
d i s p l a c e m e n t c o n t r o l l e r ) i s i n v e r t e d , and then both a r e summed a c c o r d i n g 
t o the proper r a t i o . For an a i d i n g r a t i o o f 1:2 (which corresponds t o 
an a i d i n g c o n s t a n t of . 5 s e c ) , the input r e s i s t o r s are s e l e c t e d such 
t h a t output from the i n t e g r a t o r i s a m p l i f i e d tw ice as much as the output 
from the c o n t r o l l e r . In o t h e r w o r d s , the s i g n a l d i s p l a y e d , f ( x ) , i s 
r e l a t e d t o t h e c o n t r o l l e r a c t i o n , x , a c c o r d i n g t o the f u n c t i o n 
f ( x ) = kx + (2k) x d t . 
Higher order a i d i n g i s a m a t t e r o f adding more terms to the above 
e q u a t i o n . F i g u r e 18 s h o w s a n a i d i n g s e t u p . 
Error Measurement 
The a n a l o g computer components used in the e r r o r measurement 
p o r t i o n o f t h e sys tem a r e t h e most s e n s i t i v e t o adjus tment and non-
l i n e a r i t i e s . Some p r a c t i c e and t e s t i n g on the s e t up used should be 
made t o a r r i v e a t the p r o p e r a m p l i f i c a t i o n s and v o l t a g e r a n g e s . I t i s 
important t o r e a l i z e t h a t the a n a l o g computer has a v o l t a g e range o f 
+ 1 0 0 v o l t s . The more o f t h i s range t h a t can be u s e d , t h e l e s s 
s i g n i f i c a n t the f l u c t u a t i o n s and o t h e r u n c o n t r o l l a b l e e r r o r s w i l l b e . 
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Figure 1 8 . F i r s t Order ( V e l o c i t y ) C o n t r o l w i t h A i d i n g Set Up. 
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One Dimens iona l Track ing 
The c i r c u i t s f o r t h i s form o f t r a c k i n g e r r o r measurement a r e 
c o n s i d e r a b l y s i m p l e r , more a c c u r a t e , and more r e l i a b l e than the c i r c u i t s 
r e q u i r e d f o r two d i m e n s i o n a l t r a c k i n g . The c h i e f r e a s o n i s t h a t a square 
r o o t d e v i c e i s not n e c e s s a r y . F i g u r e s 1 9 , 2 0 , and 21 i l l u s t r a t e the 
w i r i n g o f t h e mean o f e r r o r , mean v a l u e o f e r r o r , and mean square e r r o r 
performance c r i t e r i a c i r c u i t s . Time on t a r g e t i s a r r i v e d a t by a d i r e c t 
p l o t o f e ( t ) , and the amount o f t ime e ( t ) exceeds the s e t c o n t r o l l i m i t s 
i s de termined by i n s p e c t i o n . 
Two Dimens iona l Track ing 
As was ment ioned , the c i r c u i t s f o r measuring the e r r o r i n two 
d i m e n s i o n a l t r a c k i n g a r e a b i t more i n v o l v e d than w i t h one d i m e n s i o n a l 
t r a c k i n g . Now, e ' ( t ) i s j u s t the magnitude d e f i n e d as 
The d i o d e c i r c u i t f o r o b t a i n i n g a b s o l u t e v a l u e s cannot be u s e d . The x and 
y components of e r r o r must be s q u a r e d , summed, and the square r o o t o f t h i s 
sum o f squares t a k e n . 
Mean of E r r o r . Us ing e ' ( t ) as d e f i n e d above would not y i e l d 
enough i n f o r m a t i o n about the mean of the e r r o r , s i n c e e ' ( t ) i s o n l y a 
7 . The o p e r a t i o n o f the f u n c t i o n m u l t i p l i e r and square r o o t d e v i c e on 
the a n a l o g computer i s a f a i r l y i n v o l v e d procedure t o e x p l a i n h e r e . 
The r e a d e r i s r e f e r r e d t o the m a n u f a c t u r e r ' s i n s t r u c t i o n s . 
42 
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Track ing Set Up. 
F i g u r e 21. Mean Square Error , One Dimensional Tracking Set Up. 
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m a g n i t u d e , and no knowledge of the d i r e c t i o n o f the e r r o r may be g a i n e d . 
The procedure h e r e must be to g e t s e p a r a t e measurements o f the x and y 
components o f the mean o f e r r o r . Then the exper imenter may p l o t t h e s e 
on graph paper t o f i n d both the d i r e c t i o n and magnitude o f the mean of 
e r r o r . F igure 22 i l l u s t r a t e s the w i r i n g c i r c u i t f o r t h i s performance 
measurement s e t u p . 
Mean Value o f E r r o r . Only a magnitude i s r e q u i r e d f o r t h i s 
c r i t e r i o n , thus the mean v a l u e o f e r r o r may be found by an i n t e g r a t i o n 
of e ' ( t ) . See F igure 23 a .and b . 
Mean Square E r r o r . This i s determined s i m p l y by t a k i n g the sum 
2 
o f s q u a r e , or e ' ( t ) , and i n t e g r a t i n g i t . See F i g u r e 2 4 . 
Time on T a r g e t . The e x p l a n a t i o n i s t h e same as for one d i m e n s i o n a l 
t r a c k i n g , except e ' ( t ) i s used i n s t e a d of e ( t ) . 
O p e r a t i o n , Checkout , and C a l i b r a t i o n Procedure 
The f o l l o w i n g s t e p s are s u g g e s t e d as a s y s t e m a t i c procedure f o r 
running an exper iment on the t r a c k i n g sys tem: 
1 . Us ing the l i s t o f System V a r i a b l e s i n Chapter I I , de termine 
the kind o f t r a c k i n g s e t up d e s i r e d . 
2 . Draw a schemat ic o f the d e s i r e d computer s e t u p . (F igure 25 
i s an example o f such a s c h e m a t i c . ) In t h i s s e t up keep 
t r a c k o f the v o l t a g e s c a l i n g . The f i n a l output may e a s i l y 
be some m u l t i p l e of the s t a t i s t i c which i s d e s i r e d , and on ly 
by keeping the a m p l i f i c a t i o n s o f the summers, i n t e g r a t o r s , and 
o ther d e v i c e s s t r a i g h t can t h i s output be c o r r e c t l y i n t e r p r e t e d . 
The squarer and square r o o t d e v i c e s used t o g e t h e r produce an 
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e r r o r f o r i n p u t s under 10 v o l t s ( see Appendix I I I ) . The 
i n p u t , t h e n , should be s c a l e d so tha t i t u s e s as much o f 
the 100 v o l t range as p o s s i b l e . In o t h e r w o r d s , min imize 
the u s e o f the 0 - 1 0 v o l t input range as much as p o s s i b l e . 
3 . ( O p t i o n a l ) Draw the s e t up on a diagram o f the problem 
b o a r d . (Appendix II c o n t a i n s two b l a n k diagrams which may 
be used to make r e p r o d u c t i o n s . In t h i s way a copy o f the 
b l a n k diagram can always be o b t a i n e d . ) 
4. W i r e the s e t up on the problem board o f the a n a l o g computer . 
5 . Check output v o l t a g e of hand c o n t r o l l e r and a d j u s t the b i a s 
w h i l e the j o y s t i c k i s in a zeroed s t a t e u n t i l t h i s output 
v o l t a g e i s z e r o . 
6 . A d j u s t the i n p u t s t o the e r r o r , e ( t ) , on the computer so 
t h a t i t i s z e r o . Then, f o r p u r s u i t d i s p l a y , a d j u s t the 
"POSITION" knob on the e l e c t r o n i c swi t ch ( e s ) u n t i l 
c o i n c i d e n c e of the c u r s o r and the t a r g e t i s a c h i e v e d . In 
the c a s e o f compensatory d i s p l a y s imply a d j u s t the h o r i ­
z o n t a l and v e r t i c a l p o s i t i o n i n g o f the o s c i l l o s c o p e beam 
(on the o s c i l l o s c o p e ) t o the d e s i r e d z e r o r e f e r e n c e p o s i t i o n . 
7- To check out and c a l i b r a t e the equipment , ( 1 ) a d j u s t the 
v o l t a g e o f e ( t ) t o be the maximum amount p o s s i b l e ( say 8 0 
v o l t s ) . For P u r s u i t D i s p l a y Only - This may be done by: 
f i r s t , s e t t i n g up the experiment w i thout a t t e n t i o n to the 
performance measurement. Once the d i s p l a y i s a d j u s t e d and 
c a l i b r a t e d , a proper a m p l i f i c a t i o n o f e ( t ) may be s e l e c t e d 
t o o b t a i n t h i s maximum o u t p u t . For Compensatory D i s p l a y Only 
( Ignore the p r e v i o u s d i s c u s s i o n on p u r s u i t d i s p l a y . ) 
Then a d j u s t the maximum e r r o r d i s p l a y e d t o the d e s i r e d 
amount through the g a i n s e t t i n g s on the o s c i l l o s c o p e . 
(2) Wi th t h i s v a l u e of e ( t ) , turn on the computer and 
p l o t t e r , and make a t r i a l r u n . C a l i b r a t i o n may be checked 
w i t h t h i s r e f e r e n c e t e s t i n p u t , 
8. Keep i n mind tha t t h i s sys tem i s f l e x i b l e enough so tha t 
any s y s t e m a t i c e r r o r s t h a t crop up can be e l i m i n a t e d , 
u s i n g c a r e f u l checkout and c a l i b r a t i o n . 
Example 
F igure 25 g i v e s an example o f a d i s p l a c e m e n t c o n t r o l l e r , f i r s t 
o r d e r , n o n - a i d e d , p u r s u i t t r a c k i n g s i t u a t i o n w i t h mean v a l u e o f e r r o r 
c r i t e r i a b e i n g recorded and the c u r s o r be ing d r i v e n by a s i n e wave 
g e n e r a t o r u t i l i z e d to produce e i t h e r a c i r c l e or an e l l i p s e . 
A f t e r some e x p e r i e n c e , a p a r t i c u l a r s e t up arrangement has been 
found to be v e r y a c c e p t a b l e w i t h the two ana log computers used i n t h i s 
t r a c k i n g sys t em. F i g u r e s 26 and 27 show the t r a c k i n g sys tem as i t i s 
s e t up to perform t h i s example . The l e f t hand computer problem b o a r d , 
in F igure 27, i s used to s i m u l a t e t h e machine . The l e f t h a l f o f t h e 
problem board f o r one d imens ion and t h e r i g h t h a l f f o r t h e o t h e r 
d i m e n s i o n . The a n a l o g computer on the r i g h t ( m a s t e r ) performs the 
f u n c t i o n s o f g e n e r a t i n g the input s i g n a l (upper l e f t ) , c a l c u l a t i n g 
the performance e r r o r ( r i g h t ) , and a d j u s t i n g the e l e c t r o n i c swi tch 
output f o r the o s c i l l o s c o p e ( lower c e n t e r ) . 
D i s p l a y 




Figure 2 5 . Schematic of Example Set Up. 
ro 
Figure 2 6 . Problem Board o f the S laved (S) Analog Computer 
f o r the Example Problem. 
Figure 27. Problem Board o f the M a s t e r (M) Analog Computer 
f o r the Example Problem. 
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CHAPTER IV 
RECOMMENDATIONS FOR FURTHER EXPANSION 
An Input Funct ion Genera tor A l t e r n a t i v e 
S ince t h e r e are two hand c o n t r o l l e r s i t i s q u i t e f e a s i b l e t o 
use one o f the c o n t r o l l e r s t o a c t as an i n p u t f u n c t i o n t o the c u r s o r . 
This s e t up would e n a b l e the use of complex s i g n a l s not producab le on 
the ana log computer . The c o n t r o l l e r may hook d i r e c t l y t o the t a r g e t , 
or the c o n t r o l l e r may s e r v e as an input t o some s i m u l a t e d system 
programmed on the problem b o a r d . The p o s s i b i l i t i e s are p r a c t i c a l l y 
u n l i m i t e d , and some i m a g i n a t i o n would r e s u l t i n r a t h e r i n t e r e s t i n g t a s k s . 
I n t e r m i t t e n t D i s p l a y s 
A l l the t r a c k i n g t a s k s a l l u d e d to i n t h i s t h e s i s are o f a 
cont inuous n a t u r e . D i s c r e t e , or i n t e r m i t t e n t , t r a c k i n g t a s k s cou ld 
be performed by c o n t r o l l i n g the z - a x i s , o r b r i g h t n e s s , o f the o s c i l l o s ­
cope d i s p l a y . 
Other D i s p l a y s 
The o s c i l l o s c o p e d i s p l a y i s o n l y one type of v i s u a l d i s p l a y 
which cou ld be used w i th t h i s t r a c k i n g s y s t e m . D i a l s , p o i n t e r s , and 
meters are a l l p o s s i b i l i t i e s f o r a d i s p l a y in a d d i t i o n t o t h e o s c i l l o s c o p e . 
For i n s t a n c e , compensatory t r a c k i n g cou ld be accompl i shed by u s i n g the 
ana log computer pane l meter t o r e g i s t e r the v o l t a g e o f e ( t ) . 
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Other Type Sensory Input and Output 
Only one type i n p u t , v i s u a l , and one type o u t p u t , manual , was 
u t i l i z e d i n the d e s i g n o f t h i s t r a c k i n g sys t em. I f , f o r example , the 
FM tape r e c o r d e r was hooked i n t o the s y s t e m , a u d i t o r y t r a c k i n g c o u l d be 
employed by b r o a d c a s t i n g the s i g n a l which was c o n v e r t e d t o f r e q u e n c i e s 
over a s p e a k e r . In t h i s sys tem t h e o p e r a t o r ' s t a s k would be t o match one 
f r e q u e n c y , c o r r e s p o n d i n g t o the d e s i r e d machine s t a t e , w i t h another 
f r e q u e n c y , c o r r e s p o n d i n g to the machine s t a t e which he i s c o n t r o l l i n g . 
Transpor t De lays 
There e x i s t s w i t h i n the c a p a b i l i t y o f t h e p a r t i c u l a r a n a l o g 
computer be ing used i n t h i s sytem a component which can induce t ime 
lag d e l a y s . The shape o f t h e s i g n a l i s not d i s t o r t e d in any way. An 
example o f how t h i s d e v i c e c o u l d be used would be t o induce a t ime lag 
a f t e r the c o n t r o l l e r . This would be l i k e the s i t u a t i o n of c o n t r o l l i n g 
a TV camera on the moon and t r y i n g t o t r a c k the Lunar E x c u r s i o n Module 
as i t b l a s t e d o f f . P o s s i b l y o t h e r u s e s c o u l d be implemented w i t h some 
i m a g i n a t i v e i n v e s t i g a t i o n . 
P r e s e n t , A l t e r n a t e , and Supplemental 
Equipment f o r the System 
Table 1 l i s t s (1) the equipment used i n the t r a c k i n g sys tem 
d e s c r i b e d i n t h i s t h e s i s a l o n g w i t h t h e money which was spent f o r those 
i tems and (2) equipment which cou ld be bought and put t o g e t h e r t o perform 
the same f u n c t i o n s as the p r e s e n t sy s t em. 
In a d d i t i o n , t h e r e are s e v e r a l p i e c e s of equipment which cou ld 
supplement or be a rep lacement component for e i t h e r s y s t e m . I t i s not 
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Table 1 . Cost o f Present Tracking System and P r i c e f o r a New Tracking 
System Which Would Perform the Same F u n c t i o n s . 
Requirement Present Equipment Cost New Equipment Cost 
D i s p l a y 
Hand 





S i m u l a t i o n 
Performance 
Measurement 
A l l a n B. Dumont 
L a b o r a t o r i e s , I n c . 
Model 304H 
O s c i l l o s c o p e 
Heathk i t Model 
I D - 1 8 E l e c t r o n i c 
Switch (2 needed) 
Measurement Sys tems , 
I n c . Model 4 3 3 and 
Model 5 2 5 Hand 
C o n t r o l l e r s 
D i g i t a l Equipment 
Corp . Model 721 
Power Supply 




C o . , I n c . Model 
3 4 0 0 Analog 
Computer 
- 0 - Heathk i t Model 
I0W-18 
O s c i l l o s c o p e 
30.95 





Heathk i t Model 




Co. Model SD 20 
Ana log Computer 
( c o n t a i n s an 
e l e c t r o n i c sw i t ch 
c a p a b i l i t y ) 
1 , 5 0 0 . 0 0 
1 3 0 . 0 0 
2 5 . 9 5 
2 5 . 9 5 
1 3 , 0 0 0 . 0 0 
8 
P l o t t e r Houston Onmigra­
ph ic C o . , I n c . 
Model HR-97 
X - Y P l o t t e r 
- 0 -
$ 6 1 . 9 0 
Hewle t t -Packard 
C o . , I n c . Model 
7004 X - Y P l o t t e r 
1 , 3 9 5 . 0 0 
$ 1 6 , 2 4 1 . 7 5 
. P r i c e depends a g r e a t d e a l on the o p t i o n s s e l e c t e d . This p r i c e g i v e n 
i s an e s t i m a t e d c o s t which would cover the o p t i o n s needed to s a t i s f y 
the minimum r e q u i r e m e n t s . 
3 b 
n e c e s s a r y t o have t h e s e i t e m s , but the c a p a b i l i t i e s of t h e t r a c k i n g sys tem 
would be g r e a t l y enhanced by t h e i r a d d i t i o n s . F i r s t , t h e T e c k t r o n i x 
O s c i l l o s c o p e Model 561B w i t h two Model 3A72 P l u g - I n U n i t s c o u l d r e p l a c e 
the more i n e x p e n s i v e o s c i l l o s c o p e s used f o r the d i s p l a y . The primary 
advantage o f t h i s o s c i l l o s c o p e i s t h a t i t does not r e q u i r e e x t e r n a l 
e l e c t r o n i c s w i t c h e s to t i m e - s h a r e the beam. Second, a Hewle t t -Packard 
Analog Tape Recorder would be u s e f u l t o ( 1 ) r e c o r d and p l a y back the 
r e s u l t s o f an exper iment f o r a n a l y s i s under more than one o f the p e r ­
formance c r i t e r i a , ( 2 ) r e c o r d complex f u n c t i o n s f o r u s e as the t a r g e t 
input d u r i n g an e x p e r i m e n t , and ( 3 ) t o permanent ly r e c o r d a t r a c k i n g 
exper iment f o r l a t e r p l a y b a c k as a d e m o n s t r a t i o n . T h i r d , a H e w l e t t -
Packard Model 3310A S i g n a l Genera tor c o u l d be used f o r g e n e r a t i n g s i n e , 
t r i a n g l e , saw t o o t h , s q u a r e , ramp, and s t e p f u n c t i o n s . A s i g n a l 
g e n e r a t o r such as t h i s one would ( 1 ) f a c i l i t a t e v a r y i n g the input 
s i g n a l i n the t r a c k i n g s y s t e m , ( 2 ) p r o v i d e a wide range of d i f f e r e n t 
wave f o r m s , ( 3 ) and p r o v i d e a sweep f o r the t a r g e t s i g n a l a t 
f r e q u e n c i e s lower than t h o s e c a p a b l e f o r the o s c i l l o s c o p e b e i n g u s e d . 
This sweeping would be p o s s i b l e through u s e o f the saw t o o t h f u n c t i o n 
as an i n p u t to t h e h o r i z o n t a l component of t h e t a r g e t . T a b l e 2 l i s t s 
t h e s e t h r e e i t ems and t h e i r p r i c e . 
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T a b l e 2 . P r i c e s o f Supplemental Equipment 
I tem Cost 
T e c t r o n i x Model 561B 
O s c i l l o s c o p e w i t h Two 
Model 3A72 P l u g - I n U n i t s $ 1 , 5 9 5 . 0 0 
Hewle t t -Packard Model 3 6 9 0 
Analog Tape Recorder 
(4 C h a n n e l s ) 4 , 2 8 5 . 0 0 
Hewle t t -Packard Model 3310A 
S i g n a l Genera tor 5 7 5 . 0 0 
APPENDIX I 
Schematic of the E l e c t r o n i c Switches 
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APPENDIX I I 
Blank Analog Computer Problem Board Diagrams 
63 
o o o 9 9 9 ? ? ? ? ? ? 
i 6 Q 6^0 p 6 6-1O Q Q 6-]0 p 9 o ^ c 0 0 0 I I w u IN 
LO-iO O O O - 6 0 6 &>-8 o 6 
O-O k> Q Q 
GOO 




o o 0 0 °o° °c° °O° °O° °O° 3 
5 0 0 ' O S O O 
0 > 0 5 0 S O O xojosop o 
0-6 6 A Q 0-0-0-5 o o-o-o-o-o 
9-9-9-9 9 
0-0-0-6 o o-o-o-o-o 99299 o-oTTo HI-o-o-o-o o o-o-o-o-o 9_9_9-9 9 
O - O O A O ^ o-o-o-o o o-o-o-o-o oooo o 




Q o © 
Q o 
Q o © 




O © b © o o o o o o © 
b5 
APPENDIX I I I 
Input -Output P l o t s of the Square and 
Square Root Dev ice s on 
t h e Analog Computer 
Figure 2 8 . Input -Output P lo t of the Squarer D e v i c e . 
Figure 2 9 . Input -Output P lo t o f the Square Root D e v i c e . 
Figure 3 0 . Input -Output P lo t of the Squarer and Square Root 
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